Proper protein localization is essential for critical cellular processes, including vesicle-mediated transport and protein translocation. Tail-anchored (TA) proteins are integrated into organellar membranes via the C-terminus, orienting the N-terminus towards the cytosol. Localization of TA proteins occurs posttranslationally and is governed by the C-terminus, which contains the integral transmembrane domain (TMD) and targeting sequence. Targeting of TA proteins is dependent on the hydrophobicity of the TMD as well as the length and composition of flanking amino acid sequences. We previously identified an unusual homologue of elongator protein, Elp3, in the apicomplexan parasite Toxoplasma gondii as a TA protein targeting the outer mitochondrial membrane. We sought to gain further insight into TA proteins and their targeting mechanisms using this early-branching eukaryote as a model. Our bioinformatics analysis uncovered 59 predicted TA proteins in Toxoplasma, 9 of which were selected for follow-up analyses based on representative features. We identified novel TA proteins that traffic to specific organelles in Toxoplasma, including the parasite endoplasmic reticulum, mitochondrion, and Golgi apparatus. Domain swap experiments elucidated that targeting of TA proteins to these specific organelles was strongly influenced by the TMD sequence, including charge of the flanking C-terminal sequence.
| INTRODUCTION
Tail-anchored (TA) proteins are defined by a single transmembrane domain (TMD) located within 30 amino acids of the C-terminus, uniquely positioned with the N-terminal domains protruding into the cytosol. 1, 2 The TMD sequence appears critical for both organellar localization and lipid membrane integration. 2 Numerous biological processes including vesicle-mediated trafficking, protein translocation and the regulation of apoptosis are reliant on correct TA protein localization. [3] [4] [5] Owing to the notable position of the C-terminal TMD sequence, translation termination must occur prior to the exit of the TMD sequence from the ribosome. 6, 7 Thus, the localization of TA proteins to their target membranes must ensue in a posttranslational dependent manner. 6 Posttranslational targeting of TA proteins to the ER is well characterized in some species, with 4 distinct targeting mechanisms:
Hsc70/Hsp40, [8] [9] [10] TRC40/Asna1/Get1, [11] [12] [13] SRP-assisted insertion 6, 14 and unassisted insertion. [15] [16] [17] TA proteins residing in the Golgi apparatus first insert into the ER and then are trafficked to the Golgi [5] . Less well-characterized is the trafficking and targeting of TA proteins to the mitochondria and other organelles. Compared with endoplasmic reticulum (ER)-targeted TA proteins, mitochondrial TA proteins tend to possess TMDs that are shorter and moderately hydrophobic. 1 In addition, studies in Saccharomyces cerevisiae have
We recently identified Elp3, a homologue of the "elongator" lysine acetyltransferase, as an essential TA protein in Toxoplasma gondii that must be positioned at the parasite's OMM for parasite viability. 20 A member of the phylum Apicomplexa, Toxoplasma is an intracellular protozoan parasite responsible for significant morbidity and mortality in humans and livestock throughout the world. It is estimated that one third of the world's population, including 60 million people in the United States, is seropositive for Toxoplasma infection. 21 Transmitted by cats and through contaminated food products or water, Toxoplasma is quickly controlled by the host immune response, but not eradicated. 22 The parasites convert into a latent cyst form that appears impervious to immunity and available drug treatments. Consequently, life-threatening opportunistic disease can arise due to reactivated infection during immune suppression. The phylum Apicomplexa includes other notorious threats to global health such as Plasmodium spp. and Cryptosporidium spp., the causative agents of malaria and cryptosporidiosis, respectively. The discovery of TA proteins in the early-branching eukaryote Toxoplasma speaks to the antiquity of this trafficking system in eukaryotic cells.
Previous bioinformatics surveys have identified putative TA proteins in several species including Saccharomyces cerevisiae (55 TA proteins), 23 A. thaliana (454 TA proteins), 24 and Homo sapiens (325 TA proteins). 25 We followed a similar approach to identify and characterize potential TA proteins in Toxoplasma. In this study, we identified 59 putative TA proteins, 9 of which contained representative features we dissected further. The results revealed novel TA proteins trafficking to specific subcellular organelles in Toxoplasma, including the parasite ER, mitochondrion and Golgi apparatus.
Domain-swapping strategies were also employed to gain insight into the targeting mechanisms of these Toxoplasma TA proteins.
| RESULTS AND DISCUSSION

| Identification of TA membrane proteins in Toxoplasma
We previously identified an unusual homologue of Elp3 as a TA membrane protein in Toxoplasma that resides at the outer membrane of the parasite's single mitochondrion. 20 We performed a bioinformatics sur- 27 and DAS (http://www.sbc.su.se/ miklos/DAS/). 28 Only proteins predicted to have a single transmembrane were analyzed using SignalP (http://www.cbs.dtu.dk/services/ SignalP/) and proteins devoid of a signal sequence were included in our list of putative TA proteins ( Figure 1A , Tables 1 and S1 ). Of the 57 predicted Toxoplasma TA proteins, nearly half (25 of 57) are annotated as hypothetical proteins with unknown function. A few proteins (5) appear to be parasite specific, and the remaining 27 proteins contain conserved domains that make them probable homologues that have been characterized in other species (Table S1) .
We also examined the Toxoplasma proteome for homologues of the predicted 454 TA proteins in A. thaliana. 24 Our search identified 57 Toxoplasma homologues, but only 11 of these proteins possess TA protein characteristics; the other 46 protein homologues were eliminated due to the lack of TMD (33 proteins), prediction of more than 1 TMD (10 proteins) or incorrect TMD location (3 proteins) (Table S4 ). Of 11, only 2 putative TA proteins were not detected in our original analysis (Table S1 ). Together, these 2 independent approaches revealed 59 putative TA proteins in Toxoplasma.
Sequence composition and length for both the TMD and 
| Localization of Toxoplasma TA proteins to various organelles
We selected 9 representatives from the putative TA proteins that exhibit diverse attributes with respect to TMD length, CTS composition and hydrophobicity, for localization studies. Names were assigned to these selected proteins based on the descriptive function provided by ToxoDB (Table 1 ).
All but 2 (RNA-binding domain protein [RBD] and radical S-adenosyl-L-methionine [SAM] domain-containing protein [RlmN]) of the
Toxoplasma TA proteins selected for experimental validation were homologues of proteins previously localized to various organelles in other species. Ubiquitin-conjugating enzyme (UBC) 41, 42 and cytochrome b5 (Cyt-b5) 41, [43] [44] [45] [46] are putative homologues of known ER TA proteins in other species. We also examined 3 predicted SNARE proteins: R-SNARE1, R-SNARE2, and QaSNARE, all of which are expected to traffic to the Golgi apparatus based on studies in other species. 25, 47 In addition to the previously characterized TgElp3, 20 we chose to examine a putative Toxoplasma homologue of mitochondrial fission 1 protein (Fis1) as a candidate TA protein targeting the parasite's mitochondrion. 23, 48, 49 To determine the subcellular localization of each of the 9 selected TA proteins in Table 1 , we generated a series of constructs to ectopically express each protein fused to an HA-tag at the N-terminus. The constructs drive expression of the fusion protein using the Toxoplasma tubulin promoter and 5'UTR 50 ( Figure 2A ). Using these tagging constructs, each of the 9 genes were transiently expressed in RH strain parasites and protein localization was assessed using immunofluorescence assays (IFAs) that included established markers for the parasite ER (TgSERCA,), 51 Golgi apparatus (TgSORTLR,) 52 and mitochondrion (TgF1 B -ATPase,) 53 ,54 ( Figure 2B ).
As shown in Figure 2B -D and listed in 
| TMD and CTS are sufficient to target
Toxoplasma TA proteins to the proper subcellular organelle
To begin deciphering the mechanism of TA protein trafficking, we tested whether the C-terminal TMD and CTS were sufficient for specific organellar targeting. We generated 9 additional constructs engi- (hFis1) does not contain the dibasic motif (SKSKS). 63 Rather than the dibasic motif, the Toxoplasma Fis1 CTS (LSK) has an amino acid sequence more similar to that found in hFis1 and Arabidopsis Fis1b.
Some evidence also exists that Fis1 can also target to the peroxisome in mammalian cells; 64 evidence for membrane-bound peroxisomes in Toxoplasma is contradictory, 65, 66 
and our data indicates that Toxoplasma
Fis1 is only at the mitochondrion.
As the CTS is required for Elp3 localization to the mitochondrion, we tested whether the CTS alone could operate as a mitochondrial targeting sequence by replacing the RBD CTS (which targets ER) with the Elp3 CTS. Replacing the RBD CTS (just 2 amino acids, EA) with the Elp3 CTS (RRRR) was sufficient to mislocalize RBD from the ER to the cytoplasm, but it did not target the protein to the mitochondrion (Figure 4Bi ). We then replaced both the TMD and CTS of RBD with those of Elp3, which was able to redirect RBD from the ER to the mitochondrion (Figure 4Bii ). To further explore the signal contribution of the TMD vs the CTS, we replaced the RBD TMD with the similarly hydrophobic Elp3 TMD (RBD TMD: 1.97; Elp3 TMD: 2.04).
While the fusion protein levels were too low to discern localization with confidence, there appears to be little overlap with the mitochondrion (Figure 4Biii) . Collectively, these studies show that the Elp3
CTS is necessary but not sufficient to target the mitochondrion; however, the combination of TMD and CTS are all that is required to redirect a heterologous protein to the mitochondrion.
| Targeting of TA proteins to the ER and Golgi apparatus
Our findings have uncovered the first TA proteins in phylum Apicomplexa that target the ER, as well as those that traffic to the Golgi apparatus. It has been established that TA proteins destined for the Golgi apparatus are first inserted into the ER and then delivered via vesicular transport, whereas ER TA proteins are targeted directly to the ER upon release from the ribosome. 5, 67 To gain insight into the specificity of these targeting mechanisms in Toxoplasma, we performed additional domain swap experiments. To determine if the CTS is required for TA protein localization for either RBD (ER) or QaSNARE (Golgi apparatus), we used the previously described HA-tagging construct containing a premature stop codon immediately downstream of the TMD.
Removal of the CTS did not alter protein localization for either RBD or QaSNARE, suggesting the TMD sequence is sufficient for the targeting of these proteins ( Figure 3B-C) .
To further explore protein localization to the ER, we generated fusion constructs to identify which sequences are necessary for ER localization ( Figure 4 ). For these experiments we used the mitochon- 
| Concluding remarks
Our findings represent the first characterization of TA proteins in the phylum Apicomplexa using the early-branching protozoan parasite Toxoplasma as a model. Our bioinformatics analysis identified 59 putative TA proteins in the Toxoplasma proteome. Nine representatives were chosen for experimental analyses, localizing to various subcellular compartments including the parasite ER, mitochondrion, or Golgi apparatus. As in other species, at least 2 pathways appear to direct mitochondrial TA protein localization, one of which employs an established dibasic targeting motif; Proteins that were predicted to possess a single transmembrane domain were analyzed for its position within the protein sequence.
| Bioinformatics analyses
Those for which the transmembrane domain was followed by only 30 or less amino acids were considered as putative TA proteins. (or PruΔku80Δhxgprt for Cytb-5) parasites using the RNeasy Plus mini kit (Qiagen; #74134) and cDNA was prepared using the Omniscript RT kit (Qiagen; #205111). Genes were amplified starting with the first nucleotide downstream of the start codon through the stop codon from cDNA.
All primers are listed in Table S3 . PCR amplicons were inserted into the EcorV sites of the HA-tagging plasmid (Tub HA -EcorV-DHFR 3 0 UTRpDHFR-TS) using the in-Fusion HD cloning kit (Clontech; #011614).
| YFP-fusion vectors
An N-terminal YFP-fusion construct was generated by amplifying the tubulin promoter-5 0 UTR-YFP (Tub YFP ) using primers F2 and R2-2 (Table S3) from the HA-tagging constructs using primers listed in Table S3 .
These fragments were inserted into the EcorV restriction sites using the in-Fusion HD cloning kit (Clontech; #011614).
| Domain-swap vectors
For constructs in which only the CTS was swapped, PCR amplification was performed using primers to insert the designated CTS mutations (see Tables S2 and S3 for primers used and their sequences).
Constructs containing the replacement of the TMD and CTS were created by fusing 2 different gene fragments that were each amplified from the gene-specific HA-tagging constructs described above.
To generate the TMD replacement constructs, the cytoplasmic domain and TMD were amplified from the TMD-CTS domain swapping plasmids; primers were used to insert the CTS corresponding to the cytoplasmic domain. For all domain swapping constructs, amplicons were inserted into the EcorV sites of the Tub HA -EcorV-DHFR 3 0 UTR-pDHFR-TS construct using the in-Fusion HD cloning kit (Clontech; #011614). 
| assays
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